Abstract-We used carrier suppressed return to zerodifferential phase shift keying (CSRZ-DPSK) and CSRZdifferential quadrature phase shift keying (CSRZ-DQPSK) to find out their comparative tolerance as polarization mode dispersion (PMD) compensator in the presence of fiber nonlinearities. Their performances are evaluated in terms of Q-factor surface diagram and contour map. It is noted that CSRZ-DQPSK is efficient as PMD compensator and fiber nonlinearities help reduce the deteriorating effect of PMD. 
I. INTRODUCTION
Transmissions in optical fiber communication systems are impaired and ultimately limited by the four 'horsemen' of optical fiber communication systems: chromatic dispersion, amplified spontaneous emission noise from amplifiers, polarization effects and fiber nonlinearities [1] . For conventional direct-detection single-carrier systems, the impairment induced by a constant differential groupdelay (DGD) scales with the square of the bit rate, resulting in drastic PMD degradation for high speed transmission systems [2] . Polarization-mode dispersion (PMD) as well as the fiber nonlinearities has been considered as the ultimate barriers to high-speed optical transmission at and over 40 Gb/s [3] . This scenario creates interest to look for the relationship between these two horses: PMD and nonlinearities. Different modulation formats are being used to mitigate either the PMD or the nonlinear effects.CSRZ-DPSK and CSRZ-DQPSK systems show high suitability for ultra-high spectral efficient DWDM systems and high resilience to dispersion compensation tolerances and fiber nonlinearities [4] and [5] but a correct picture of their performance is absent. As the symbol rate is reduced, the spectral width is also significantly reduced. A DQPSK signal at bit rate B has Manuscript received November 12, 2013; revised January 11, 2014. the same spectral width as an OOK signal at bit rate B/2, for RZ waveforms [6] and [7] .
We have made an effort to quantify the effectiveness of CSRZ-DPSK and CSRZ-DQPSK in compensating PMD and also to find out their correlation. DQPSK has shown better PMD tolerance since it has the ability to double the spectral efficiency and relaxed dispersion management.We simulated singlechannel as well as multichannel optical fibercommunication systems with varying parameters. The performances of the systems are evaluated with high as well as low PMD coefficients in the presence or absence of nonlinear effects. The performance of the systems will be evaluated mainly in terms of graphical representations.
In this paper, firstly we established simulation models for using the above mentioned two modulation formats. Then different simulations are carried out with varied parameters. The simulations are carried out at 40Gb/s. At the end, we shall carry out a short discussion on the simulated results.
II. SIMULATION MODEL FOR CSRZ-DPSK AND CSRZ-DQPSK SYSTEMS
In this experiment we analyzed the performance of two most efficient modulation formats in ultra high spectral efficient DWDM systems. For each of them, we optimized dispersion map. We used optimized parameters for a length of 100 km at 40 Gb/s. We studied the performance in a multi-span scenario. Fig. 1 depicts detailed block diagrams of DPSK and CSRZ-DPSK systems with transmitter and receiver sections. The transmitter takes the input data of 40 Gb/s from a random data generator. The data is passed through two spans, each of 50 km. We considered a dispersion compensated fiber using appropriate fiber sections. The transmitter section of CSRZ-DPSK system is composed of two Mach-Zehnder modulators (MZMs). The receiver uses asymmetric Mach-Zender demodulator and DPSK stages to detect the data. The electrical filter finally gives the received data. Fig. 2 shows a single channel CSRZ-DQPSK setup for the multi-span configuration. A precoder converts a pair of bit streams into a pair of encoded P and Q DQPSK bit streams suitable for controlling a DQPSK modulator. Given input bit streams a andb, and encoded output bit streams p and q, the kth output bits satisfy the relationships:
As shown in Fig. 2 , for CSRZ DQPSK system two NRZDPSK signals are generated from the precoded signalsP andQ, and the signal in theupper arm is phase shifted inside the upper modulator with ⁄ before both signals are combined, resulting in a four-level phase modulated signal. By this time, we obtain the NRZDQPSK signal. We added another MZM which works as a pulse carver and which is driven by another analog signal generator. The receiver section for DQPSK consists of two DPSK modules each with one symbol delay demodulators having offset of . The incoming signal is split into two branches, one for each tributary. Then the signal is demodulated by a MZ interferometer with a delay of one symbol period. Balanced detection offers a 3 dB improvement in receiver sensitivity compared to single-ended reception. By applying an appropriate clock tone and adjusting the bias of the MZM, the pulse carver generates 33%return-to zero (RZ), 50% RZ, 67% carrier-suppressed return-to-zero (CSRZ) DQPSK modulation [3] . For both the systems, dispersion compensated fiber is usedwhere the first and second sections have opposite but equal dispersions.
III. PMD MODELING WITH/WITHOUT NONLINEARITIES AND SIMULATION
In a long-distance fiber communication link, the fiber experiences stresses, bends, temperature changes, twists, etc., in a random fashion along the length of the link. Therefore, the birefringence along the fiber keeps changing both in magnitude as well as in direction. As a result, the birefringence is no longer remains additive. Hence, the PMD does not grow linearly with the fiber length. Instead, it grows at a rate proportional to the square root of the propagation distance. Due to random mode coupling, the calculation of PMD becomes very complicated.
Pulses launched in principal state of polarization (PSP) or any other state, emerge into two fixed output polarization states, which are orthogonal to each other. Thus, if the input pulse is launched along one of the input PSPs, there is no splitting of the pulse. It should be noted that due to random time variation of the birefringence along a long-length fiber link, PMD also varies randomly. Hence we adopted Monte Carlo simulation technique by changing the seed. The elegant expression for the rootmean-square (rms) DGD given by [2] 
where √ , L is the fiber length, andL c is a constant known as the coupling length and is a measure of magnitude of the mode coupling along the fiber length. Further, is the DGD in the absence of mode coupling. In our simulation, we kept the L fixed at 100 km.
The scalar nonlinear Schrodinger equation (NLSE) is known to be a fairly good model for including nonlinear impairments in fiber transmission. While considering the vector properties of the light, NLSE may be extended to both polarization components of the light wave. The governing equations for the transverse electric-field components in homogeneous Kerr media are [8] :
where γ is the nonlinear coefficient. Disregarding the linear propagation constant and linear birefringence, it can be shown from equation ( 
where the vector w equals to and s 3 component enters with one third of its strength which accounts for the nonlinear birefringence. Considering a field comprised of two optical wave-length channels a and b, and the wavelengths are non-overlapping, then an expression for the evolution of the absolute phase of wavelength a can be obtained from defined as [8] ( )
The relation for the phase of the b wave is obtained by interchanging indexes a and b. In this expression, the firstterm is the SPM and the remaining terms are the XPM. During the simulation the bit rate is kept fixed 40 Gb/s. The PMD coefficients and the nonlinearity coefficients are varied. The phase angle of equation (3) has dependency with the phase angle expressed in equation (5) . Transmission fibers usually have a weak but non-negligible linear birefringence that changes randomly along the fiber length. This leads to large accumulated birefringence and PMDover long lengths of fiber. In this simulation, this random birefringence is modeled numerically by the coarse-step method and randomly rotating the polarization state at each numeric step in the z-direction using the seed. The simulations are carried out for one channel and seven channel systems where 0.01<y>10. Fig. 3 shows the contour map and Q-surface of single channel CSRZ DPSK system. As shown in Fig. 3(a) , the vertical axis represents nonlinear coefficient and horizontal axis represents the PMD coefficient. At low nonlinear coefficient, when PMD coefficient (x) is increased Q-value decreases. When x is increased beyond 3.5, the Q-value goes below the acceptable level. With increased nonlinearity, the Q-value decreases with low PMD coefficient. But the Q-value does not remain linear, rather increased nonlinear coefficient reduces the effects of PMD. For example when x is increased from 3.3 to 4.5, the increased value of y from 1 to 4 gives the same Qvalue. Same data is represented in 3-D form in Figure  3 (b). It is clear from Fig. 3(b) that the Q-value changes rapidly. 5 shows the contour map and Q-surface of seven channel CSRZ DPSK system. As shown in Fig. 5(a) , the vertical axis here also represents nonlinear coefficient and horizontal axis represents the PMD coefficient. At low nonlinear coefficient up to y<1.9, when PMD coefficient (x) is increased Q-value almost remains static and shows consistent for higher values of PMD coefficient. The Qvalue remains at acceptable level even for x > 5. With increased nonlinearity, the Q-value fluctuates heavily. For seven channel system also the nonlinearity reduces the effect of PMD for certain values. For example when x is increased from 1 to 2.3, the increased value of y from 1.9 to 3 gives the same Q-value. Same data is represented in 3-D form in Fig. 5(b) . It is also clear from Fig. 5(b) that the Q-value changes rapidly and inconsistently. Fig . 6 shows the contour map and Q-surface of seven channel CSRZ DQPSK system. Fig. 5 and Fig. 6 are also the outcome of seven channel DPSK and DQPSK systems with similar parameters. Comparing the two systems shows that CSRZ DQPSK is more tolerant to PMD in the presence on nonlinearities.
IV. CONCLUSION
Simulations showed that the CSRZ DQPSK format has improved performance and better tolerance than CSRZ DPSK considering the Q-value. We have also shown that the effect of PMD is reduced for certain values and combinations of nonlinear affects. It is an interesting finding that the Q-surface is not uniform, rather there are windows with better and improved Q. The depths of such windows are more engraved and irregular in DPSK systems. We compared the PMD tolerance of single and multichannel (seven channels) systems and the graphical representations show that CSRZ DQPSK has better tolerance. The superiority of CSRZ DQPSK mainly comes from the fact that it is more efficient in utilizing the bandwidth. Results show that DQPSK modulation format can be used for data rates well beyond 40 Gb/s. It has shown better prospect in meeting the requirement of high bit transfer through optical communication networks. It is also seen that the nonlinearity helps in combating the effect of PMD. Further study is required to find out the reasons and remedies of deteriorated performances for certain combination of PMD and nonlinear coefficients. 
